, whereas long-term memory (LTM) lasts for hours, days, weeks, and even years.
In mammals, neurons are produced early in development; however, in the dentate gyrus (DG) of the hippocampal formation, granule cell neurons are produced throughout adulthood. 5, 6) Neurogenesis in the DG is a multi-step process that originates within the subgranular zone of the hippocampus. 7) New neurons produced from precursor cells in the subgranular zone extend axonal projections and express several markers that are specific to neurons. 8, 9) New neurons in the DG of the hippocampus were recently shown to be integrated functionally into appropriate neuronal circuits, and hippocampusmediated learning and memory may be related to the generation of new neurons in the adult DG. 10, 11) Many herbal drugs used in traditional medicine in Asia are generally combined in the form of multi-herbal formulas to create novel therapeutic agents that are more effective than the administration of the individual herbs. 12) BR003 is a new formula that has been prescribed recently to enhance memory. BR003 comprises twelve medicinal herbs: Acanthopanacis Senticosi Radix (Acanthopanax senticosus HARMS, Araliaceae); Schizandrae Fructus (Schisandra chinensis BAILL., Magnoliaceae); Ginkgo Folium (Ginkgo biloba L., Ginkgoaceae); Ginseng Radix (Panax ginseng MEYER, Araliaceae); Astragali Radix (Astragalus membranaceus BUNGE, Leguminosae); Atractylodis Rhizoma (Atractylodes macrocephala KOIDZ., Compositae); Poria (Poria cocos WOLF, Polyporaceae); Ziziphi Semen (Zizyphus jujuba MILL., Rhamnaceae); Longanae Arillus (Euphoria Longan STEUD., Sapindaceae); Angelicae Sinensis Radix (Angelica sinensis DIELS, Umbelliferae); Polygalae Radix (Polygala tenuifolia WILLD., Polygalaceae); and Glycyrrhizae Radix (Glycyrrhiza uralensis FISCH., Leguminosae).
Even though many herbal remedies are used in traditional medicine to improve memory and cognitive function, whether herbal remedies enhance cell proliferation within the hippocampus is largely unknown. 13) In this study, we investigated the effect of BR003 on learning and memory in rats and on cell proliferation in the DG of rat hippocampus.
MATERIALS AND METHODS

Plant Materials and Preparation of BR003
Individual dried herbs were purchased from Wonkwang Herbal Drug Co. Ltd. (Seoul, Korea). BR003 comprised 14% each Acanthopanacis Senticosi Radix, Schizandrae Fructus, and Ginkgo Folium; 7% each Ginseng Radix, Astragali Radix, Atractylodes Rhizoma, Poria, Ziziphi Semen, Longanae Arillus, Angelicae Sinensis Radix, and Polygalae Radix; and 2% Glycyrrhizae Radix. BR003 extract was prepared by decocting 570 g of the dried prescription herbs with 10 l of boiling distilled water for 2 h. The extract was filtered and lyophilized to yield 126 g (22%) of powder, which was kept at 4°C.
Animals and Administration of BR003 Six-week-old male Wistar rats were purchased from Japan SLC Inc. (Shizuoka, Japan). The animals were housed in a specific pathogen-free environment with a 12/12 h light/dark cycle at the Center for Laboratory Animal Care and Use at Kyung Hee University. Animals had free access to standard rodent pellets (Purina Inc., Korea) and water. After 10 d of adaptation to the environment, the rats (nϭ11) were administered BR003 (2. 14) The step-through passive avoidance apparatus contained one light chamber equipped with an illuminator and one dark chamber. The chambers were separated by a guillotine door. During the training phase, a rat was placed in the light chamber with the door open. When the rat entered the dark chamber, the guillotine door was closed immediately. After being allowed to explore the dark chamber for 1 min, the rat was removed from the apparatus and placed in its cage. This training protocol was repeated until the rat entered the dark chamber within 20 s of being placed in the light chamber. Animals that did not enter the dark chamber were excluded from the experiment. At 24 h after training, the rat was placed in the light chamber. Immediately after the rat entered the dark chamber (all four paws), the door was closed and an electric shock (2.0 mA) was delivered to the feet for 5 s. The testing phase to evaluate memory retention commenced 24 h later. The rat was placed in the light chamber, and the latency time before it entered the dark compartment was measured. If the rat did not enter the dark chamber within a cut-off period of 300 s, a value of 300 s was used as the latency time.
5-Bromo-2-deoxyuridine Injection and Immunohistochemistry To evaluate the effect of BR003 on cell proliferation in the hippocampus, 5-bromo-2-deoxyuridine (BrdU) uptake was assessed using immunohistochemistry. 15) Rats were injected intraperitoneally with 50 mg/kg BrdU (Sigma, St. Louis, MO, U.S.A.) 14 and 2 h before they were sacrificed for the preparation of brain tissues. Rats were anesthetized with 50 mg/kg pentobarbital sodium before being perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed and post-fixed overnight in the same fixative. Coronal sections (40 mm) were then cut with a microtome cryostat (CM3000; Leica, Germany). For immunohistochemical detection of BrdU, every tenth tissue section that contained the DG of the hippocampal formation was selected. Free-floating sections were pretreated with 50% formamide in 2ϫ standard saline-citrate at 65°C for 2 h before being incubated at 37°C for 30 min in 2 N HCl. The sections were rinsed for 10 min at 25°C in 0.1 M boric acid (pH 8.5) before being incubated overnight at 25°C in primary antibody (Roche Diagnostics, Germany) diluted to 1 : 1000 in phosphate-buffered saline with 0.3% Triton X-100, 0.5 mg/ml bovine serum albumin, and 1.5% normal goat serum. The sections were then incubated with horse antimouse secondary antibody (1 : 100; Vector, U.S.A.) for 90 min and were incubated finally with an avidin-biotin-peroxidase complex (1 : 100; Vector) for 1 h at room temperature. The sections were reacted with 0.02% 3,3Ј-diaminobenzidine tetrahydrochloride, 0.01% H 2 O 2 , and 0.04% NiCl 2 for about 3 min. After each incubation step, the sections were washed three times with phosphate-buffered saline for a total of 15 min. The sections were mounted on gelatin-coated slides and were counterstained with cresyl violet. The number of BrdU-positive cells within the granule cell layer of every tenth section throughout the entire DG was counted under ϫ400 magnification using Stereo Investigator (MicroBrightField, U.S.A.). The total DG volume was determined using Cavalieri's principle, and the cross-sectional area was measured using an image-analysis system (Multiscan, U.S.A.). 16) There were no changes in the volume of the granule cell layer of the DG in any of the experiments. The data are expressed as estimates of the total number of BrdU-positive cells per DG. Following cell counting, each sample was given a coded identification number to allow blind analysis of the data.
Statistical Analysis Raw data from the passive avoidance test were analyzed using the non-parametric MannWhitney test. The immunohistochemistry data were analyzed using Student's t-test. All data are expressed as the mean value for the group ϮS.E.M.
RESULTS
In the passive avoidance test, the mean response latency of the BR003-treated rats (182.64Ϯ39.88 s) was significantly greater than that of the control rats (73.08Ϯ29.30 s) (pϽ0.05; Fig. 1 ). BR003 treatment had no effect on food intake or body weight (data not shown). No detectable irritation, restless, or sedation was observed following the extract or vehicle treatment. Immunohistochemistry revealed that BR003 treatment enhanced cell proliferation within the DG. The BrdU-immunoreactive cells appeared dark and irregular. They were frequently in clusters of two or more and localized within the subgranular zone. These are characteristics of DG precursor cells. The number of BrdU-labeled cells was significantly higher in the BR003-treated group (1281.07Ϯ151.16 cells per DG) than in the control group (818.01Ϯ132.98 cells) (pϽ0.05; Figs. 2, 3 ).
DISCUSSION
We evaluated the effect of BR003 on memory using a pas- sive avoidance test. Passive avoidance tests have been used widely to evaluate the effects of drug administration, lesions, and behavioral manipulations on cognitive functions such as long-term non-spatial memory. The logic is that animals will remember that a particular behavioral response resulted in an unpleasant event, such as an electric shock, and will therefore hesitate to repeat this behavior in future. The consequent increase in the response latency is thought to reflect the strength of the memory trace for the aversive event. 17) Dopamine and glutamate are the neurotransmitters that influence passive avoidance most strongly, although GABAergic and cholinergic neurotransmission may also have a relatively weak influence on passive avoidance according to many findings. 18) Memory in laboratory animals in the passive avoidance model is improved not only after the administration of drugs such as haloperidol and baclofen but also after the administration of herbal medicines such as Yukmijihwang-tang derivatives and ESP-102. [19] [20] [21] [22] In the present study, BR003 significantly increased the response latency of rats in the passive avoidance test by up to 2.5-fold compared with the response of control rats. BR003 includes many herbal medicines that have neural effects. Acanthopanacis Senticosi Radix improves short-term memory in healthy humans. 23) Schizandrae Fructus attenuates the neurotoxicity induced by L-glutamate in primary cultures of rat cortical cells. 24) Ginkgo Folium has reproducible effects on cognitive functions in patients with Alzheimer's disease and independently improves changes in passive avoidance learning and brain membrane fluidity. 25, 26) Ginseng Radix restores learning and memory deficits. 27) Poria promotes long-term potentiation in the hippocampus. 28) Astragali Radix has protective effects against anoxic damage to cultured neurons. 29) Polygalae Radix alleviates scopolamine-induced impairment of the passive avoidance response in mice.
30) The aforementioned constituents of BR003 may be responsible for the enhancement of memory that we observed. Which neurotransmitter and which of the constituents of BR003 were responsible for the enhancement of memory is yet to be determined.
We also investigated the effect of BR003 on cell proliferation in the DG of the hippocampus using immunohistochemical analysis of BrdU uptake. Our results revealed that the number of BrdU-labeled cells in the BR003-treated group was 1.6-fold greater than that in the control group. Recent studies revealed that the rate of cell proliferation in the DG of rodents can be increased by various factors. Neurotransmitters such as N-methyl-D-aspartate (NMDA) glutamate receptor antagonists, serotonin (5-HT 1A ) agonists, and an agonist of dopamine (D 2 )-like receptors stimulate the cell proliferation in adult rat DG of hippocampus. [31] [32] [33] In general, growth factors such as vascular endothelial growth factor and heparin-binding epidermal growth factor have a increasing effect on the adult neurogenesis. 34, 35) It is reported that hormones such as estrogen stimulate the rate of cell proliferation of the hippocampal subgranular zone. 36) Which pathway did the BR003 affect in the cell proliferation is open to discuss and needed further studies.
There are several evidences suggesting that newly generated neurons mature into functional neurons. Newly generated cells within the hippocampus in the adult mouse exhibit a neuronal morphology and can display passive membrane properties, action potentials, and functional synaptic inputs shown in mature dentate granule cells. 10) Neuronal progenitor cells are generated in the subgranular zone of the DG and migrate from this region into the granule cell layer of the DG, where the progenitor cells differentiate into neurons and glial cells. 37) A half of new cells generated within the DG in young adult rats can be double-labeled with neuron-specific markers within 5-12 d. 38) Neural stem cells from adult hippocampus retain the potential to differentiate into functional neurons with essential properties of mature CNS neurons. 39) At this point, BR003 may raise the probability to increase the mature neurons with cognitive function through the stimulating cell proliferation in the DG. To confirm that these cells differentiate into mature neurons, further studies are needed.
In conclusion, our results demonstrate that treatment of rats with BR003 to young adult rats not only improved learning and memory function but also increased cell proliferation in the DG of the hippocampus. Representative photographs of the dentate gyrus of a control (left) and a BR003-treated rat (right) are shown. The density of BrdU-labeled cells (black puncta) was greater in the BR003-treated group than in the controls. In the right, BrdU-labeled nuclei clusters are shown. Scale barϭ40 mm.
